Cell penetrating peptides (CPPs) have been established as excellent candidates for mediating drug delivery into cells. When designing synthetic CPPs for drug delivery applications, it is important to understand their ability to penetrate the cell membrane. In this paper, anionic or zwitterionic phospholipid monolayers at the air-water interface are used as model cell membranes to monitor the membrane insertion potential of synthetic CPPs. The insertion potential of CPPs having different cationic and hydrophobic amino acids were recorded using a Langmuir monolayer approach that records peptide adsorption to model membranes. Fluorescence microscopy was used to visualize alterations in phospholipid packing due to peptide insertion. All CPPs had the highest penetration potential in the presence of anionic phospholipids. In addition, two of three amphiphilic CPPs inserted into zwitterionic phospholipids, but none of the hydrophilic CPPs did. All the CPPs studied induced disruptions in phospholipid packing and domain morphology, which were most pronounced for amphiphilic CPPs. Overall, small changes to amino acids and peptide sequences resulted in dramatically different insertion potentials and membrane reorganization. Designers of synthetic CPPs for efficient intracellular drug delivery should consider small nuances in CPP electrostatic and hydrophobic properties.
Introduction
Recent research has seen an accelerated development of vectors that aid in the delivery and/ or cellular uptake of therapeutic macromolecules (e.g. small peptides, proteins, and nucleic acids) 1, 2, 3, 4 . Cell penetrating peptides (CPPs) are one of the most efficient and promising non-viral vectors that allow transport of large, hydrophilic biomacromolecules through the seemingly impenetrable plasma membrane without cellular rupture 5, 6, 7, 8 . CPPs normally constitute between 5-30 amino acid sequences, are cationic, can display low toxicity, and are uniquely capable of transporting even negatively charged DNA or siRNA through the cell membrane and nuclear membrane. They can generally be divided into three categories, depending on their origin: protein-derived CPPs such as HIV-TAT and penetratin, chimeric peptides like transportan and MPG and synthetic peptides such as polylysine, polyarginine or amphipathic versions of these peptides 8, 9 . While it is now well accepted that the mechanism of penetration is not receptor-mediated and is energy-independent 4, 10, 11 , the exact mechanisms of cellular uptake of these CPPs remains a significant unanswered piece of the puzzle 8, 12 . The absence of signs of internalization by known uptake mechanisms has led to the proposal that direct interactions with the phospholipid of plasma membrane is an important first step during the early stages of the internalization process 13 .
Since most CPPs generally have a high content of cationic amino acids such as lysine and arginine, experimental observations have predominantly stressed the role of electrostatic interaction of cationic CPPs with negatively charged phospholipid headgroups or negatively charged cell membrane proteoglycans as the primary triggers for internalization 4, 14, 15 . A few studies have also suggested that hydrophobic interactions, or membrane curvature may influence the early stages of internalization 16 . The nature of the CPPs (e.g. molecular weight, chemical structure of the residues, charge, and hydrophilicity) influence the internalization mechanisms 8, 14 . For example, strong experimental evidence suggests that arginine residues play an important role in membrane penetration. Consequently, studies to determine the factors that improve cellular penetration of natural and synthetic arginine-rich CPPs is an important research effort 17 .
The TAT peptide (derived from the transcriptional activator of the HIV-1 virus) is one of the most extensively studied arginine-rich CPPs, and has been shown to interact strongly with model membranes 18, 19 . As a result, synthetic arginine-rich polypeptides offer great potential for application in efficient drug delivery, particularly by altering the patterning of the amino acid sequence. For example, polyarginine peptides (e.g. R9) with high potency 6, 20 have been advanced by the insertion of hydrophobic residues 1, 21, 22 . Rydberg et al. demonstrated that the penetration efficiency increases with increased tryptophan content (a hydrophobic amino acid); additionally, the CPP activity is more efficient if the tryptophan residues are positioned as a block in the center of the CPP sequences than if they are placed as a block at the N-terminus 1 . Higher polyarginine molecular weight can promote more efficient penetration 23, 24 , but optimal lengths of polyarginine peptides with 7 to 9 residues 25, 26 have shown high penetration activity as well 1, 23, 27 .
Identification of the mode of penetration of CPPs is essential for the design of future CPPs and forms the main motivation of this study. Phospholipid monolayers are extensively used as a model for one leaflet of the cell membrane 28, 29, 30, 31 , the charge density and packing of which can be simply adjusted by altering the phospholipid composition and/or surface pressure 28 . Here, the mechanisms of insertion of eight different synthetic CPPs were compared using three different phospholipid monolayers. 1-palmitoyl-2-oleoyl-snglycero-3-phosphatidylglycerol (POPG) (unsaturated phospholipids), 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine) POPC) (unsaturated phospholipids), and 1, 2-dihexadecanoylsn-glycero-3-phosphocholine) DPPC) monolayers (saturated phospholipids) (Table 1) at the air-water interface were chosen as the phospholipids of interest. POPG was used as a model anionic monolayer, POPC and DPPC were used as model zwitterionic monolayers, and a 1:1 mixture of DPPC:POPG was used to study the effect of charge density on CPP insertion. By keeping the phospholipid monolayer area constant, changes in S.P are recorded upon addition of CPPs to the subphase 32, 33, 34, 35 . Even if eukaryotic plasma membranes are mostly composed of zwitterionic phospholipids in their external layer, a very small proportion of anionic phospholipids is also present. It must also be noted that the external leaflet of the plasma membrane contains a high amount of negative charges due to the presence of glycosaminoglycans such as heparan sulfate at the cell surface. It is therefore hypothesized that negatively charged lipids, although small in number, and glycosaminoglycans play a significant role in the mechanism of internalization of the positively charged CPPs, by facilitating electrostatic interactions with the cell membrane 6, 36, 37, 38 . Therefore, in accordance with previous studies in this area, POPG was chosen as a representative negatively charged phospholipid for our studies.
Alterations in the membrane packing as well as the peptides' penetration activity at the air/ phospholipid monolayer interface was studied for five hydrophilic CPPs (dTAT, R9, L9, H9, and RH9) and three amphiphilic CPPs (RA9, RL9, and RW9) ( Table 2) . Most of these CPPs share a common high density of arginine residues (6 arginine residues) except for K9 and H9. Our choice of peptides is influenced by previous research in this area. R8 and R9 are the most extensively studied arginine-rich peptides, and are inspired by the highly basic minimal transduction domain of the HIV-1 TAT protein, typically consisting of 9 amino acids (RKKRRQRRR) 39 . Based on prior reports 1, 37, 40 , four of the arginine rich CPPs (RH9, RA9, RL9, and RW9) have replaced the arginine residues at positions 3, 4 and 7 with histidine, alanine, leucine, or tryptophan in order to study the effect of amino acid patterning on the penetration activity. Corporation (Cambridge, Ontario, Canada) (Purity > 95%). 1-palmitoyl-2-oleoyl-snglycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG), 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3 phosphocholine (sodium salt) (POPC), and 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC) were purchased from Avanti Polar Lipids, Alabaster, AL, as organic mixtures in chloroform at a final concentration of 5 mg/ml. Texas Red ® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt, (TXR-DHPE) lipid dye was purchased in the dried form from Life Technologies (Invitrogen Corp., Carlsbad, CA, USA). All organic solvents used for this work was purchased from Fisher Scientific. Dulbecco's phosphate-buffered saline (PBS) (pH 7.4) was purchased from Fisher Scientific Inc. in powder form and made into solution using a Millipore Gradient System (Billerica, MA). Petri dishes (Falcon 1008, Becton-Dickinson Labware, Franklin Lakes, NJ) were purchased from Fisher Scientific. All samples and lipid mixtures were stored at −20 °C when not in use.
Materials and methods

Methods
Langmuir trough experiments-The insertion potential of the different synthetic
CPPs was measured using model phospholipid monolayers containing different amounts of a negatively charged phospholipid (POPG, POPC, DPPC, POPG/DPPC (1:1)) at the air-PBS buffer interface. Surface pressure changes were recorded by a Wilhelmy plate sensor, which is part of the KSV-NIMA Langmuir trough purchased from Biolin Scientific, while petri dishes (volume 4 ml, 35 × 10) were used as "mini-troughs" for the experiments that did not involve fluorescence imaging. Penetration of the CPPs into preformed monoalyers was recorded in the presence of the phospholipid monolayers. A wet calibrated filter paper flag was dipped into this buffer solution and used as a probe to monitor changes in the surface pressure due to adsorption of surface active material. The phospholipid monolayers were spread from chloroformic solutions, on PBS subphase, pH 7.4, using a Hamilton microsyringe (Hamilton Co., Reno, NV). The spreading phospholipid solvents were allowed to evaporate for 20 min prior to compression and adding the CPPs. The CPPs aqueous solutions were injected underneath the surface of phospholipid monolayers, and the changes in surface pressure with respect to time were measured immediately. The final concentration of the CPPs in the subphase was maintained at 10 μM (using dTAT, RW9, and RL9 this concentration was found to be beyond a so called "saturation concentration"). The peptideto-lipid (P/L) molar ratio at an initial surface pressure of 20 and 30 mN/m is ≈ 0.5 (at peptide concentration 1 μM) 5 . Precaution was taken to ensure that the injection did not disrupt the phospholipid monolayer. Adsorption to a bare air-buffer interface was recorded for all the CPPs studied here to ensure that the changes in the surface pressure of the monolayers were due to interaction of the CPPs. Each experiment was run for 30 min at 22 ± 2 °C.
2.2.2.
Fluorescence Microscopy-Fluorescence microscopy was used concurrently with penetration experiments to monitor the morphology of the phospholipid monolayers on insertion of CPPs. These measurements were performed using a Teflon trough (volume 40 ml, area 174 × 50 mm) adapted for microcopy (Biolin Scientific). The Langmuir trough was mounted on a Leica DM fluorescence microscope with a custom designed stage equipped with a 10× or 40× long working distance objective designed for fluorescent light. A dichoric mirror/barrier filter assembly directed the excitation light onto the monolayer films at a normal angle of incidence and filtered the emitted light. An 89 North PhotoFluor II 200 W Metal Halide lamp was used for excitation of the probe. Alterations in the surface morphology of the phospholipid monolayers due to the CPPs were visualized with a fast camera (Andor Luca S). Short image sequences (5 frames) were recorded for a period of 30 minutes and stored for further analysis using the Andor capture software. The image processing and analysis were performed offline by using the software, ImageJ 1.47 (NIH) for windows.
It must be noted that unsaturated phospholipid films such as POPG and POPC do not display any lipid domains, when viewed using the fluorescence microscopy technique. Therefore, a 1:1 mixture of DPPC:POPG was used for all imaging experiments. To initiate each experiment, the trough was cleaned with methanol, ethanol, isopropanol and chloroform and thoroughly rinsed with Mili-Q water prior to each experiment. A mixed DPPC/POPG monolayer with 1% TXR-DHPE dye was formed by spreading an organic mixture of this lipid composition dropwise onto 38 ml of a PBS buffer subphase (at pH=7.4), using a Hamilton airtight glass syringe. The solvent was allowed to evaporate completely, by waiting 30 minutes before starting a measurement. Changes in surface pressures with time were recorded by a Wilhelmy plate sensor. The concentration of the CPPs used was such that the final concentration in the subphase is 10 μM. Images from at least two different monolayers for each sample were taken, and the lens frequently translocated to different areas of the trough to ensure uniformity and reproducibility of the data.
Statistical analysis-Data
were analyzed by using GraphPad software. Statistical evaluation between the means of the data was performed using an unpaired t-test. One-way ANOVA, Tukey post test was used to analyze the differences when more than two data sets were compared. Each monolayer penetration experiment was repeated at least three times (n = 3).
Results and discussion
A Langmuir monolayer approach coupled with fluorescence microscopy was used to determine the differences in ability of the synthetic CPPs to penetrate into cell membranes. Phospholipid monolayers with varying composition and headgroup charges representing one leaflet of a cell membrane were used as model membranes. Penetration to a phospholipid membrane is typically recorded by one of two methods, a constant area method or constant surface pressure method. In constant area method used here, the surface pressure of the phospholipid monolayer is fixed at a particular surface pressure (here 20 mN/m and 30 mN/ m). Membrane insertion of injected peptide is accompanied by an increase in the surface pressure, since the area of the trough surface is kept constant. Using a fluorescence microscope, we also directly visualize the changes in packing of lipid domains due to peptide insertion. Insertion of the peptides is expected to alter the monolayer packing. Since contrast in the images is due to the selective segregation of the lipid dye into more fluid regions, disruptions in monolayers manifest themselves as an increase in bright regions when compared with a well-packed film.
Penetration of CPPs into POPG phospholipid monolayers
In order to establish a correlation between the chemical structure of the CPPs and their penetration activity, we recorded their affinity to insert into phospholipid monolayers with different compositions of an anionic phospholipid. We used POPG is as the phopholipid of choice, since the penetration of TAT to this phospholipid monolayer has previously been reported. It was reported that TAT demonstrated an inability to penetrate the monolayer at bilayer equivalent surface pressures 5 . Therefore, as a first step increasing amounts of CPPs (dTAT, R9, and RW9) were injected into PBS subphase and alterations in the surface pressure recorded. Figure 1D . Our results illustrate that the surface pressure increased in each case, reaching a saturation plateau after about 10 to 30 min after injection for all penetration experiments which indicates quick migration of the CPPs to the phospholipid monolayers. However, the time taken to reach a saturation value also depended on the bulk concentration of protein. Further, Figure 1D indicates that a statistically significant difference was observed in the penetration ability of the three peptides. RW9 (maximum change in surface pressure of 11.26 mN/m,) interacted more strongly with the monolayer, when compared with dTAT (the gold standard) and R9 (an arginine rich sequence expected to have high potency in cell penetration). We believe that this increased penetration in case of RW9 may be due to the hydrophobicity or the aromatic ring of tryptophan amino acids, which also increased the amphiphilicity of the peptide. Further, our data show a saturation in the total change in surface pressure for all three cases, beyond a concentration of 10 μM, which appears to be a "critical concentration". Therefore, this concentration was chosen for all other studies described in this paper 5 .
In order to better understand the impact of phospholipid packing on peptide insertion, the kinetics of surface pressure changes as a function of time, following dTAT injection into the subphase were studied at different initial surface pressures (0, 15, 20, 30, and 40 mN/m) as shown in Figure 2A . The total change in surface pressure in the presence of dTAT resulted in increased maximum surface pressure values ( Figure 2B ) at the initial surface pressures (15, 20 , and 30 mN/m) due to the fact that packing of the phospholipids is not so dense (low phospholipid densities) to facilitate dTAT peptides to attach and penetrate. On the other hand, penetration decreased when the phospholipid packing density increased (the initial surface pressure 40 mN/m). At a high initial surface pressure (40 mN/m), there is a limited incorporation of the CPP into the phospholipid monolayer, and the process is much slower. From the figures, we conclude that the maximum surface pressure value is at the initial surface pressure 20 mN/m. Therefore, in addition to the bilayer equivalent pressure of 30 mN/m, we also report the insertion of our peptides at an initial surface pressure of 20 mN/m. Figure 3D ). From these figures, it is clear that for both surface pressures, the change in surface pressure with time is significantly higher for RW9 and RL9 compared to other CPPs (p >0.0001). It must also be noted that the hydrophilic CPPs (dTAT, H9, K9, R9, and RH9) and RA9 do exhibit moderate surface activities (as indicated by an increase in the total surface pressure).
Phospholipid monolayers are used as model systems to study insertion of biomolecules and/ or other particles into biological membranes. Such studies have been exhaustively used to study interaction of antimicrobial peptides with membranes 30, 41 . Since CPPs share some commonalities with antimicrobial peptides, in this study, we have used these model membranes to gain insight into the biophysical mechanisms of interaction in case of synthetic CPPs. In general, it is now accepted that particles that interact only with the head groups of phospholipid monolayers typically induce slight changes in surface pressure. On the other hand, insertion into the hydrophobic "tail" region (the fatty acyl core) of the phospholipid monolayer can cause a significant increase in surface pressure 41 . Although numerous studies were interested in the "arginine magic", i.e. the ability of arginine rich peptide sequences to penetrate the cell membrane, only a limited number of studies dealt with model systems (e.g. dTAT and R9) to explain the binding mechanism of polyarginine peptides to phospholipid membranes 17 . It has been shown that physical characteristics (e.g. the hydrophobicity/hydrophilicity and the surface charge) of CPPs can influence their binding with phospholipid monolayers 32 . However, to the best of our knowledge, the influence of introducing other amino acids into an arginine sequence has not been extensively studied in model phospholipid systems, such as those described here 1 . Our results suggest that the introduction of tryptophan and leucine residues into polyarginine 9 improve the penetration activity significantly.
Additionally, numerous studies have mentioned the importance of peptide structural conformational changes upon phospholipid interactions to facilitate membrane translocation 42, 43, 44 . It was found that the different penetration properties of the cationic CPPs and amphiphilic CPPs may arise from the insertion mechanism into phospholipid monolayers 37 . Walrant et al. indicated that while RW9 and RL9 have an affinity for anionic phospholipids, the affinity is just a little higher for RW9 than RL9. The interactions are mostly ruled by hydrophobic assistances in both CPPs 6, 37 . Additionally, they found that a flip of the CPP occurs where the arginine residues aid as a hinge letting the hydrophobic amino acids insert deeper in the plasma membrane 37 . Although alanine is a hydrophobic amino acid, RA9 demonstrates only a moderate surface activity when compared to RW9 and RL9. This behavior is possibly be due to the chemical structure of the hydrophobic residues; alanine has a very small side chain when compared with the more bulky tryptophan. Before studying the incorporation of the CPPs with the phospholipid monolayers, we examined the behavior of the eight CPPs at a bare air/water interface by using the Langmuir technique described above in the absence of the phospholipids (Supplementary Figure 1 in the Supporting Information). All eight CPPs showed no or little surface activity for the 30 min duration, which is in agreement with the nature of the five hydrophilic CPPs (dTAT, H9, K9, and RH9) and weak amphiphilic characters of the three CPPs (RA9, RL9, and RW). These results indicate that the change in surface pressure recorded in Figure 3 is clearly due to interactions with the anionic phospholipid films.
Penetration of the CPPs in DPPC and POPC phospholipid monolayers
In order to test the effect of electrostatic interactions vs. hydrophobic interactions on the insertion potential of these synthetic peptides into model membranes, we compare the insertion potential of the eight CPPs into zwitterionic monolayers (POPC (unsaturated) and DPPC (saturated)) compared with the POPG monolayer. Figure 4A shows the change in surface pressure as a function of time, for the POPC film initially held at a surface pressure of 20 mN/m. As seen in the figure, low penetration activity was observed for the synthetic peptides, except for RW9 and RL9. In fact, the penetration activity of RW9 and RL9 is found to be significantly higher than the other CPPs. Figure 4B shows the change in surface pressure vs. time for an initial surface pressure of 30 mN/m. The maximum surface pressures reached in each case is summarized in bar graphs in Figure 4C and 4D. As seen, both RW9 and RL9 have significant surface activity compared to other CPPs (p >0.0001) as shown by the maximum values of 5.9 and 4.3 mN/m respectively (at the initial surface pressure of 20 mN/m) and 3.7 and 1.9 mN/m respectively (at the initial surface pressure of 30 mN/m). In contrast, even though RA9 is an amphiphilic peptides, it does not display significant insertion into the POPC films. Figure 5 Figure B) ) for the eight CPPs, for an anionic phospholipid film (POPG) and a zwitterionic phospholipid film (POPC). This graph clearly indicates that anionic phospholipid head groups play an important role for interactions with the eight CPPs. However, for two of the three arginine-rich peptides modified by hydrophobic residues, the membrane penetration potential is significantly enhanced. Figure 6A shows the change in surface pressure as a function of time, for the DPPC (more tightly packed monolayer) film initially held at a surface pressure of 20 mN/m. As seen in the figure, no penetration activity was observed for the synthetic peptides, except for RW9 and RL9. In fact, the penetration activity of RW9 and RL9 is found to be significantly higher than the other CPPs. Figure 6B shows the change in surface pressure vs. time for an initial surface pressure of 30 mN/m. For clarity, we only show the change in surface pressure for RW9 and RL9. The maximum surface pressures reached in each case is summarized in bar graphs in Figure 6C and 6D. As seen, both RW9 and RL9 have significant surface activity compared to other CPPs (p >0.0001) as showed by the maximum values of 4.0 and 1.7 mN/m respectively (at the initial surface pressure of 20 mN/m) and 4.5 and 0.6 mN/m respectively (at the initial surface pressure of 30 mN/m). The smaller penetration activity for zwitterionic DPPC monolayers (saturated phospholipids) in some CPPs when compared to anionic POPG and POPC (both unsaturated phospholipids) monolayers indicate weak interactions between the CPPs and DPPC. The reduced insertion of all but RW9 into the DPPC phospholipid monolayer may also be the result of a wellpacked monolayer preventing CPPs insertion. Figure 6 also shows that the penetration activity of RW9 is significantly higher than RL9 or RA9 in both initial surface pressures, even though all three of these arginine-rich peptides were modified by hydrophobic moieties. It was found that the addition of one tryptophan residue to a polyarginine 7 peptide (R7) increased its penetration efficiency 45 . Clearly, tryptophan residue has a key role in cell penetration, possibly due to the bulky side chains 1, 37, 46, 47 . In summary, our results show that in addition to electrostatic effects, hydrophobic interactions as well as the chemical nature of the amino acids do influence the differences in membrane penetration potential of the CPPs.
Penetration of the CPPs in mixed (POPG:DPPC) phospholipid monolayers
The mixing properties of a mixed monolayer of DPPC and POPG was used as a model to understand the role of different composition of the anionic phospholipid headgroup on peptide insertion in order to simultaneously image the insertion and possible alterations in monolayer packing. We have chosen this mixture to be consistent with the florescent microscopy experiments (section 3.4.). The mixture of saturated PC (DPPC) phospholipids and fluid unsaturated PG (POPG) phospholipids have been used so that lipid domains can be observed. Figure 7 shows change in surface pressure of a mixed phospholipid film as a function of time, for the eight CPPs (10 μM) at the initial surface pressure 20 ( Figure 7A ) and 30 m/Nm ( Figure 7B ). Our results indicated that reducing the surface charge density of the phospholipid monolayers by using mixed phospholipids (POPG/DPPC) caused a decrease in the surface pressure. Figure 7C Figure 8 presents the summary of the maximum surface pressure values that were recorded at a concentration of 10 μM (the initial surface pressures 20 and 30 mN/m) for the eight CPPs, for all four phospholipid films (POPG, POPC, DPPC and, POPG:DPPC). This summary clearly indicates that while anionic phospholipid headgroups play the most important role for interactions with the hydrophilic CPPs (dTAT, H9, K9, R9, and RH9), the insertion of the arginine peptides is also significantly influenced by the presence of tryptophan residues.
To further our understanding of the role of the 3D peptide structure on the insertion potential of the CPPS, we used circular dichroism spectroscopy (CD) to determine the helicity of the eight CPPs in PBS solution (Supplementary Figure 2 in the Supporting Information). Our data confirmed that the free CPPs had random coil conformations, suggesting that the initial steps in peptide insertion are not influenced by the 3-D structure. However, NMR, CD and molecular dynamics simulation studies by other groups have shown that insertion into the lipid bilayers can induce different degrees of structural re-orientation depending on the amino acid sequence 6, 4840, 49 . This may also explain the differences in a peptide's ability to translocate through the membrane. Therefore, we conclude that while the 3D structure in solution does not seem to influence the surface activity of the 8 CPPs, the penetration and translocation through cell membranes may be influenced by a lipid bilayer induced alteration in the protein structure. This suggests that while the surface pressure changes in a Langmuir trough may be a good screening test to determine the penetration potential of synthetic peptides into cell membranes, the ultimate translocation potential of the peptide may be dictated by their 3-D structure upon membrane penetration.
It is expected that analysis of the kinetics and thermodynamics of the 8 CPPs will provide a more complete understanding of the nature of the CPP partitioning into the phospholipid monolayers. Using Langmuir models of protein insertion into phospholipid monolayers 50, 51, 52, 53, 54, 55, 56 , we can calculate the kinetics of protein partitioning into different monolayer systems. Such analysis will form the topic for a future manuscript currently under preparation.
Fluorescence microscopy
Using fluorescence imaging of the monolayer surface, it is possible to gain insight into the structure of the phospholipid monolayers. Fluorescence microscopy helps us to understand alterations in organization of phospholipid monolayers after injection of the CPPs in the subphase. Furthermore, it is an appropriate effective technique to study the structural phase separation and disruption induced by CPP interactions with phospholipid monolayers 30, 57 . Figure 9A demonstrates the morphology of the POPG/DPPC (1:1) phospholipid monolayer domains (at the surface pressure 30 mN/m) before injection the CPPs. It shows characteristic stripe patterns with dark regions (the bright regions in the dark domains looked like veins in a leaf). Contrast in these images is due to selective segregation of the lipid dye molecules into the liquid expanded regions, while the closely packed liquid condensed domains exclude the bulky dye molecules. The domains were magnified as compression proceeded, and the view field becomes almost dark 58 at the bilayer equivalent pressures studied here. The images were obtained at 1, 5, 10, 20, and 30 min, respectively after injection of the CPPs into the subphase.
Remarkably, the domain morphology altered significantly depending on the nature of the CPP. The images display that CPPs induce different morphologies even at the first minute after injection. In the case of dTAT, H9, K9, R9, RH9, and RA9 ( Figure 9B , C, D, E, F, and G, respectively), the overall change in the domain morphology is limited (a very slight increase in the gray regions) for the first 10 minutes (after the CPP injected) except for RW9. In case of RW9 ( Figure 9I ), within 10 minutes of CPP injection, the dark domains completely disappeared (no domains could be observed) nearly after five min of the injection. Interestingly, after 20 minutes the morphologies of the domains were vividly different for all CPPs. In the case of RL9 ( Figure 9H ), blurred gray patches began to appear, while all other CPPs showed an increase in the brightness and width of the stripe pattern. At 30 minutes all of the peptides (except H9) showed either blurred gray patches, or more disrupted monolayers like RL9 and RW9. Our results also show that H9 shows the minimum perturbation of the phospholipid packing among all the CPPs studied, even after 30 minutes (darker domains are still visible). Moreover, the arginine-rich peptides all induce significantly higher changes in the phospholipid packing compared to dTAT. Peptide RW9 demonstrates the maximum disruption of monolayer packing, followed by RL9 and RA9. R9 and RH9 seem to induce very similar membrane perturbation.
In general, our results reinforce the role of not only electrostatics and hydrophobic interactions, but also the chemical nature of amino acids on the membrane penetration potential of CPPs. While all CPPs show the maximum membrane penetration in the presence of anionic headgroups, amphiphilic CPPs with tryptophan residues show a significant membrane insertion potential for all model lipid monolayers. Moreover, we present direct evidence of destabilization of phospholipid packing induced by amphiphilic arginine-rich CPPs, which is also most pronounced by the presence of tryptophan residues.
Conclusion
Understanding the interactions of synthetic CPPs with phospholipid membranes is an important step when designing future synthetic CPPs capable of intracellular drug delivery. In this study, phospholipid monolayers with different composition of anionic headgroups (POPG, POPC, DPPC, or POPG/DPPC) have been used to study the penetration, and/or interaction with eight synthetic peptides including hydrophilic CPPs (dTAT, H9, K9, R9, and RH9) and the amphiphilic CPPs (RA9, RL9, and RW9). Insertion of the CPPs into the phospholipid monolayers were followed using Langmuir monolayer techniques and fluorescence microscopy. As expected, the incorporation of the cationic CPPs into the anionic phospholipids (POPG) was much higher when compared with the zwitterionic phospholipids (POPC and DPPC).
In addition to electrostatic interactions, hydrophobic interactions as well as the chemical nature of the amino acid residues influenced the membrane insertion potential. The presence of tryptophan residues induced maximum perturbation of the phospholipid packing. All CPPs interacted with anionic phospholipids, but the interactions of RW9 and RL9 with membrane monolayers was significantly different when compared with the other peptides. RW9 and RL9 strongly penetrated the model cell membranes and also induced the maximum alterations in phospholipid packing. The five hydrophilic CPPs (dTAT, R9, L9, H9, and RH9) and RA9 peptides also showed penetration into the model membranes, but did not appear to cause significant membrane disruption. The different mechanisms of the eight CPPs compel additional investigations using these CPPs for delivery of macromolecules in cellular systems. Further elucidating performance in light of these mechanistic findings will aid the design of the next generation of CPPs.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The maximum change in surface pressure of the phospholipid monolayers (POPG and POPC) initially held at surface pressures of 20 mN/m (A) and 30 mN/m (B) for the eight CPPs. Results are presented as mean ± SD (n = 3), (*** = p < 0.0001, ** = p < 0.001, and * = p < 0.05 unpaired t test). The p of different peptides were compared for an initial surface pressure of POPG phospholipid monolayers with POPC phospholipid monolayers for each CPPs. Fluorescent micrographs of a POPG/DPPC (1:1) monolayer at a surface pressure of 30 mN/ m on PBS buffer: (A) before injection of peptides (0 min), after injection of (B) dTAT (10 μM) into the sub-phase, (C) H9 (10 μM) in the sub-phase, (D) K9 (10 μM) in the sub-phase, (E) R9 (10 μM) in the sub-phase, (F) RH9 (10 μM) in the sub-phase, (G) RA9 (10 μM) in the sub-phase, (H) RL9 (10 μM) in the sub-phase, and (I) RW9 (10 μM) in the sub-phase. The relative increase in the bright area from 1 min to 30 min corresponds to the increase in the disordered fluid phase caused by peptides insertion. The scale bar in the lower right represents 50 μm. The shape of the phospholipid monolayer domains change depending on the nature of the CPP. Table 1 Name, synonyms, classification, and structure of the POPG, POPC and DPPC membrane models. 
